Background-Abnormalities in left ventricular (LV) structure and function occur in patients with diastolic heart failure (DHF). The reasons for the transition from asymptomatic dysfunction to heart failure need better definition, including noninvasive measurements that can detect the transition. Methods and Results-In 64 patients undergoing right heart catheterization, simultaneous echocardiographic imaging was performed. As a control group, 27 healthy subjects were included. There were 25 with ejection factor (EF) Ͻ50%, 20 in DHF, and 19 with normal EF and LV hypertrophy but not in heart failure (diastolic dysfunction). LV volumes, mass, left atrial (LA) volumes and EF, annular atrial velocity (aЈ), and LA strain during systole (LA S ), and atrial contraction (LA A ) were measured. The ratio of wedge pressure to LA S strain was used as an index of LA stiffness, as was the ratio of E/eЈ to LA S strain. All 3 patient groups had increased LA volumes and depressed LA EF, aЈ, and LA A strain, with no significant difference between patients with DHF and diastolic dysfunction in LA systolic function indices, LV mass, LA volumes, LV, and arterial elastance. LA S strain was lower in patients with DHF, and LA stiffness (invasive and noninvasive) was higher (both PϽ0.01), related well to pulmonary artery systolic pressure (rϭ0.79, PϽ0.001), and was most accurate in identifying DHF patients from those with diastolic dysfunction (invasive area under the curve: 0.93, noninvasive: 0.85).
P atients with diastolic heart failure (DHF) suffer from a rising morbidity and mortality. 1, 2 Although older age, hypertension, diabetes, coronary artery disease, and female gender identify patients at higher risk for DHF, the underlying pathophysiological mechanisms for the transition from an asymptomatic state to one of heart failure are poorly defined. Recent studies have drawn attention to the presence of a higher left ventricular (LV) mass 3 and left atrial (LA) volume, 3, 4 as well as a lower LA contractile reserve in DHF patients. 3 However, LA diastolic function was not assessed in these studies, and only clinical criteria were used to identify patients with DHF. It is now possible to examine LA function with reasonable accuracy using strain Doppler echocardiography. [5] [6] [7] [8] [9] [10] [11] With this technique, LA systolic and diastolic function can be assessed in a comprehensive manner. We underwent this study primarily to determine the contribution of LA systolic and diastolic function to DHF by comparing patients with DHF with those with pathological LV hypertrophy who were not in heart failure.
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Methods
The study protocol was approved by the institutional review board, and patients provided a written informed consent. Sixty-four con-secutive patients were enrolled. All were in sinus rhythm and had simultaneous right heart catheterization and transthoracic echocardiographic imaging. There were 20 patients with DHF and 25 patients with systolic heart failure (SHF). DHF was diagnosed according to recent guidelines using clinical criteria for heart failure and the invasive measurement of wedge pressure. 12 In addition, we enrolled 19 patients with LV hypertrophy (attributable to hypertension) and normal ejection factor (EF), who were not with heart failure for studying LA contribution to the development of DHF. The latter group was labeled as diastolic dysfunction (DD) to distinguish them from patients with DHF. Cardiac catheterization was performed in the DD group for evaluation of cardiac function because of dyspnea in the presence of comorbid conditions, namely diabetes mellitus, chronic kidney disease, and obesity. None of the patients (SHF, DHF, and DD) exhibited more than mild mitral regurgitation.
Twenty-seven normal healthy subjects with normal echocardiographic findings were included as a control group. The control group had no history of cardiovascular disease and was referred to the echocardiography laboratory for evaluation of cardiac function because of a cardiac murmur. Some of these patients were included in previous studies from our laboratory.
Echocardiographic Studies
All patients were imaged in a supine position using a GE Vivid 7 ultrasound system. Two-dimensional grayscale images were acquired in the standard parasternal and apical (apical 4, apical 2, and apical long) views, and 3 cardiac cycles were recorded. In the apical 4-chamber view, mitral inflow was recorded as previously de-scribed 13 at end expiration. Mitral annulus TD velocities were measured at the septal and lateral sides of the mitral annulus, 13 using PW Doppler.
LA walls were imaged with color tissue Doppler at a frame rate of 200/s. The septal and lateral walls were imaged in the apical 4-chamber view, and the anterior and inferior walls were imaged in the apical 2-chamber view. Images and cine loops were stored digitally for subsequent offline analysis.
Echocardiographic Analysis
The analysis was performed offline using EchoPac workstation without knowledge of hemodynamic data. Quantification of LV volumes and mass was performed according to the recommendations of the American Society of Echocardiography. 14 The following LA volumes were measured 15 : maximum LA volume (before mitral valve opening), pre-A volume (before atrial contraction), and minimum volume (after atrial contraction). LA emptying fraction was computed as the difference between LA maximum and minimum volumes/maximum volume, and LA EF was computed as the difference between LA pre-A and minimum volumes/pre-A volume. Mitral inflow was analyzed as previously described. 13 Deformation measurements were obtained by placing a region of interest (5ϫ5 mm) in the midwall of each atrial at 1 cm above the level of the atrioventricular junction, with tracking throughout the cardiac cycle to ascertain that it remains within the atrial wall. Measurements were taken at end expiration and averaged over 3 consecutive cardiac cycles. Strain rate (SR) was measured during ventricular systole (LA S ) and late diastole (LA A ). Segments were excluded if signal quality was poor. LA strain at the end of LV systole (LA S strain), and LA strain with LA contraction (LA A strain) were obtained from each wall ( Figure 1 ). For final analysis, average SR and average strain were used from all segments where deformation measurements were feasible.
Ten studies were randomly selected and repeat analysis was performed by a second observer. Mean interobserver difference for LA S SR was 0.08Ϯ0.06 s Ϫ1 , whereas it was 1.8Ϯ0.6% for LA S strain. Mean interobserver difference for LA A SR was 0.1Ϯ0.06 s Ϫ1 , whereas it was 2Ϯ0.8% for LA A strain.
Hemodynamic Measurements
The pressure transducers were balanced before data acquisition with the zero level at mid-axillary line. Pulmonary artery (PA) catheters were used to measure PA pressures, mean right atrial (RA) pressure, and mean pulmonary capillary wedge pressure (PCWP). The wedge position was verified by changes in waveform and O 2 saturation. Cardiac output was derived by the thermodilution technique (average of 3 cardiac cycles with Ͻ10% variation). Arterial 16 and LV systolic 17 elastance were calculated.
LA Stiffness Estimation
The ratio of invasively measured PCWP to LA systolic strain was used to estimate LA stiffness. 18 The average of LA systolic strain from the 4 LA walls was used for this calculation. The E/eЈ 19 ratio (average eЈ) was also used in conjunction with LA S strain to derive a noninvasive dimensionless parameter, because the ultimate clinical application is one where all data are obtained noninvasively.
Statistical Analyses
Continuous data are presented as meanϮSD, and dichotomous data in number and percentage. Comparisons were performed with 1-way ANOVA as the data were normally distributed per Kolmogorov-Smirnov test. Pairwise multiple comparison procedures were performed using the Holm-Sidak method. The relationship between continuous variables was analyzed using regression analysis. Receiver operating characteristic analysis was used to distinguish patients with DHF from those with DD, but not with heart failure. The study had a power of 80% to detect a 20% difference between patients with DHF and those with DD with a SD of 20%, at an ␣ level of 0.05. A probability value Յ0.05 was used to define a significant result. The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Patients with heart failure (SHF and DHF) had increased PA and mean PCWP pressure as expected, with patients with DHF having normal LV volumes and EF (PϽ0.01 vs SHF). LV stroke volume and cardiac output in patients with DHF were similar to the normal group (Table 1) . Patients with DD had normal mean PCWP and did not show significant differences in LV volumes, mass, and cardiac index in comparison with patients with DHF. LV systolic function (EF and elastance) was similar in patients with DHF and DD. Arterial elastance was higher in all patients' groups versus controls (PϽ0.05), but without a significant difference between DHF and DD patients.
The use of ␤-blockers, calcium channel blockers, and angiotensin converting enzyme inhibitors/angiotensin receptor blockers was not different between DHF and DD groups. However, the use of diuretics was significantly higher in patients with DHF (PϽ0.05).
LA Volumes
LA maximum, minimum, and pre-A volumes were larger in patients than in normal controls ( Table 2) , but there were no significant differences between SHF, DHF, and DD groups. Both LA emptying and EFs were higher in normal controls versus the 3 patient groups (PϽ0.05). Both fractions were lowest in patients with SHF (PϽ0.05 vs DHF and DD), but without a significant difference between patients with DHF and DD (Pϭ0.2).
Mitral Annulus Late Diastolic Velocity (a)
Lateral aЈ was slightly higher than septal aЈ in all 4 groups. Patients with SHF had the lowest velocities ( Figure 1 . Example of LA strain curves. Septal LA strain is shown in yellow, and lateral strain is shown in blue. LA S strain refers to LA strain during the systolic phase of the cardiac cycle, and LA A strain refers to LA strain during atrial contraction.
LA Strain
It was feasible to measure LA deformation in the anterior wall in 76% of patients, the inferior wall in 79% of patients, whereas adequate septal measurements were obtained in 100%, and lateral measurements in 98%. Control subjects had significantly higher systolic and late diastolic SR signals than patients with SHF, DHF, and DD (PϽ0.01). Likewise, LA S and LA A strain were significantly higher in control subjects (PϽ0.01). Among the 3 patients' groups, patients with SHF showed the lowest atrial deformation indices (PϽ0.05 vs patients with DHF and DD).
In patients with DHF, LA systolic SR and strain (LA S ) were significantly lower than those in patients with DD. However, late diastolic SR and strain (LA A ) were similar in patients with DHF and DD.
LA Stiffness Index
In the normal control group, there was no significant correlation between the stiffness index and age (Pϭ0.13). The LA stiffness index was highest in patients with SHF, whereas patients with DD had a more compliant LA, when compared with patients with SHF and DHF. Notwithstanding, LA stiffness was still significantly increased in patients with DD versus normal controls (PϽ0.05). When the 3 groups (SHF, DHF, DD) were combined, a significant inverse correlation was observed between PA systolic pressure and each of LA S strain (rϭϪ0.56, PϽ0.05) and LA stiffness index (rϭ0.85, PϽ0.001, Figure 2 ) using invasively measured PCWP. PA systolic pressure related well to the noninvasive estimate of LA stiffness (rϭ0.8, PϽ0.001, Figure 3 ). LV stroke volume was significantly related to LA S strain, such that patients with higher LA S strain exhibited higher stroke volumes (rϭ0.35, Pϭ0.04).
Identification of DHF Patients From DD Patients
LA A strain was not significantly different between the 2 groups, and the area under the curve (AUC) was only 0.59. LA S strain had a larger AUC (0.79), whereas LA stiffness index using invasively measured PCWP had the best performance with an AUC of 0.93 (Figure 4 ). An LA stiffness index Ͼ1.1 mm Hg had a sensitivity of 84%, and a specificity of 100% in distinguishing patients with DHF from those with DD.
Using E/eЈ ratio in lieu of PCWP was also accurate in identifying DHF patients with an AUC of 0.85 (95% confidence interval: 0.72 to 0.98), and an index Ͼ0.99 had a sensitivity of 85%, and a specificity of 78% in distinguishing patients with DHF from those with DD ( Figure 5 ).
Discussion
This study shows that patients with DHF have a significantly reduced LA S strain, increased LA stiffness, and reduced LA A strain. Increased LA stiffness as assessed invasively and noninvasively readily identified patients with DHF from those with DD. On the other hand, LV mass, volumes, and systolic function, arterial elastance as well as LA volumes and atrial pump function, were not significantly different between the 2 groups.
LA Function in SHF
Patients with SHF usually have a dilated LA, which by itself predicts outcome irrespective of clinical data, LV EF, and exercise tolerance. 20 In the current study, LA systolic function was depressed in patients with SHF. This conclusion is supported by the concordance in several measurements of LA booster pump function, namely: LA EF, mitral annulus aЈ velocity, and LA A strain and SR. It is likely that intrinsic problems with LA myocardial contractility play a role, in addition to increased LA afterload, because of the elevated LV diastolic pressures. Few studies have evaluated atrial function in this population using myocardial strain, and likewise showed abnormal LA systolic function, particularly in patients with idiopathic dilated cardiomyopathy. 10 Perhaps more interesting is the observation that LA stiffness is markedly increased and is highest in patients with SHF than all other patient groups. That LA S strain and reservoir function are abnormal in patients with SHF has been shown before, 10 but to our knowledge this is the first study to compare LA stiffness among patients with SHF, DHF, and DD. Overall, the abnormalities identified in the study sample are very qualitatively similar to what was observed in an animal model of pacing induced heart failure. 21 In that model, Hoit et al reported a decrease in LA ejection phase indices, a decreased inotropic response to calcium infusion, and a significant increase in LA stiffness constant.
LV Systolic Function and Arterial Elastance in Patients With DD With and Without Heart Failure
There is an ongoing debate regarding LV systolic function in patients with DHF and DD, and the role of systolic dysfunc- tion in the pathogenesis of DHF remains unclear. We did not observe a significant difference in EF and LV elastance between patients with DHF and DD, which is similar to previous studies. 3 Likewise similar to a previous study, 3 arterial elastance was not significantly different between these 2 groups, albeit significantly higher than normal controls. Therefore, one cannot attribute the development of DHF to either of these 2 parameters in our study sample.
LA Stiffness (mmHg)
LA Volumes and Systolic Function in DHF
Patients with LV DD have increased LA volumes that parallel the severity of DD, 15 such that patients with restrictive LV filling have the largest atrial volumes. Previous studies have confirmed that LA dilatation is common in patients with heart failure, irrespective of LV EF. 4 However, unlike a previous report, 3 we did not notice a difference in LA volumes (maximum, minimum, and pre-A volume) between patients with DHF and those with DD but not in heart failure. Although small differences may exist between the 2 patient groups that we could not identify because of the sample size of our study, such differences are unlikely to have played a major role in the development of heart failure status in the current patient population. It is well recognized that abnormalities in LA booster pump function occur in patents with restrictive LV filling. 22 These have been attributed to LA myopathy, and increased LA afterload attributable to the elevated late diastolic LV pressures. Likewise, we observed abnormalities in several indices that measure LA ejection performance including LA EF, septal and lateral mitral annulus aЈ velocities, and LA A strain and SR. However, although these were significantly lower than the control group, they were not significantly different, and could not separate patients with DHF from those with LV hypertrophy but not with heart failure. It is possible that we could have identified significant differences in LA contractile reserve had we used isometric hand grip, 3 which is a limitation to this study.
LA Diastolic Function in DHF
To our knowledge, this is the first study to examine the contribution of LA DD to the development of DHF. Abnormal LA S strain and SR were present in both DHF and DD groups, and LA systolic (systolic phase of the cardiac cycle) expansion was significantly less than that in patients with DD. In that regard, this parameter seems to be a more sensitive indicator of the change in reservoir function than LA emptying fraction.
Combining LA S strain with invasively measured, and noninvasively estimated mean PCWP, was accurate in identifying patients with DHF. Interestingly, LA stiffness in our study accounted well for the observed PA systolic pressure quite similar to the findings in patients with mitral stenosis where LA compliance related well to symptomatic status, PA pressures at rest and exercise, and subsequent need for percutaneous or surgical intervention. 23, 24 Furthermore, a recent report noted significant correlations between PA systolic pressure and mean PCWP. 25 Although LA structure was not examined in this investigation, a previous canine study in a model with LV DD has shown the association of increased LA stiffness with LA hypertrophy and upregulation of the ␤-myosin heavy chain isoform. 26 One can speculate that patients with DHF likely have more profound changes in the extracellular matrix composition and the expression of cytoskeletal proteins and myofilaments in the LA, which remains to be proven.
Limitations
It would have been ideal to assess LA function using pressure-volume loops. However, a transeptal approach is needed for this purpose, which is not performed for routine clinical care. It was also difficult to subject these patients to the procedure for the sole purpose of this study. The need for invasive measurements of LV filling pressures led to a small sample size, but the study had adequate power to detect at least a 20% difference in the primary parameter of interest, LA S strain, between patients with DHF and those with DD. Nevertheless, the use of multiple comparisons among several patients' groups is a limitation to this study.
The large AUC for the invasively estimated LA stiffness is expected given the fact that PCWP was invasively measured and is one of the parameters needed to identify patients with DHF from patients not in heart failure. Given the small sample size, additional studies are needed to examine the ability of LA stiffness, particularly using the noninvasive approach, to predict the transition to DHF in a larger population. LV and LA function were assessed only at rest and not exercise, and the assessment of LV and LA contractile reserve may have uncovered other important differences between the patients' groups. The study did not investigate the molecular mechanisms that account for the changes in LA function, and additional research can shed light in that regard. 
